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A small-scale steam explosion occurred on Karanuma crater on the summit of Akita-Yakeyama volcano on August
16, 1997 after a dormancy of 46 years. Chemical compositions of the fumarolic gases at the summit and hot spring
waters around the volcano were monitored before the eruption.
Obvious changes in the composition and outlet temperatures of the fumarolic gases were not detected, neither
before nor after the 1997 eruption. Hydrogen and oxygen isotopic ratios of the gas condensates and hot-spring
waters at the Yunuma crater indicated that a hydrothermal reservoir, where the fumarolic gases separated from the
hot-spring waters at 150◦C, existed in a shallow place beneath the crater.
Smectite, kaolinite and pyrophyllite were identified in the clay fraction of the volcanic ejecta. Although pyro-
phyllite should have been formed at about 1 km beneath the summit, it was not directly derived from the deep zone
during the 1997 eruption but had been ejected by previous eruptions. The Cl/S values of the water leachates of the
ejecta were about 0.7, which indicated that the volcanic gas which caused the eruption was rich in HCl. However,
the fumarolic gases and the water samples collected from the summit area contained little chloride. The source
of the water-soluble chloride might be high-temperature magmatic gases that have been estimated as the source of
Cl-SO4 type thermal water. Such magmatic gases might have caused the 1997 eruption.
1. Introduction
Volatile materials are the most mobile components in mag-
mas. It has been generally acknowledged that the chemi-
cal composition and outlet temperature of fumarolic gases
change because of an increase in volatile components from
magma as an eruption becomes imminent (e.g. Hirabayashi
et al., 1999). The chemical composition and flux of volcanic
gases can often provide information on subsurface condi-
tions. Geochemical monitoring of volatile components from
magma contributes towards forecasting volcanic eruptions.
Besides direct volcanic gas observation, some indirect
methods have been devised for monitoring the chemical com-
position of gas discharged from active volcanoes. Boxes con-
taining an alkaline (KOH) solution were installed to absorb
ambient gases from some volcanoes in order to obtain an
average composition of the gaseous constituents discharged
from an active crater over a certain period (Noguchi and
Kamiya, 1963; Hirabayashi et al., 1982).
An analysis of water leachates of pristine ashes is used to
estimate the composition of the gas phase during eruption
(Taylor and Stoiber, 1973; Ossaka and Ozawa, 1975; Rose,
1977; Ossaka et al., 1998). Varekamp et al. (1984) stated that
the concentration of volcanic gas components adhering to the
ashes was controlled by the composition of the vapor phase,
time spent in the volcanic plume, surface area of the ash par-
ticles, and many other factors. Ossaka and Ozawa (1975)
Copy right c© The Society of Geomagnetism and Earth, Planetary and Space Sciences
(SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan;
The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.
observed that Cl−/SO2−4 molar values in the water leachates
of the volcanic ashes were almost equal to the HCl/SO2 mo-
lar values in the volcanic gases diffusing in the atmosphere.
Investigating the water leachates of ashes is a safe and ef-
fective method for monitoring of volcanic activity without
having to use particular equipment.
Clay minerals are often contained in volcanic ejecta, in
particular as a result of steam explosions. Since the stability
of clay minerals depends on such conditions as temperature,
pressure and pH, the physical and chemical conditions from
which the ejecta were derived can be estimated by studying
the clay minerals in the ejecta. Clay minerals were investi-
gated in the volcanic ashes from Yakedake in 1962 (Ossaka
and Ozawa, 1966), Kusatsu-Shirane in 1982–1983 (Kurosaki
et al., 1990), Usu in 1977 (Matsuo et al., 1977), Kiso-Ontake
in 1979 (Ossaka et al., 1983), Hokkaido-Komagatake in 1996
(Ui et al., 1997) and Kirishima in 1991–1992 (Hirabayashi
et al., 1996b).
A small-scale steam explosion occurred at Akita-
Yakeyama volcano on August 16, 1997 after dormancy for 46
years opening new vents. Fumarolic gases, hot-spring wa-
ter and crater lake water were collected at the summit area
for chemical and isotope analysis. Volcanic ejecta were also
sampled for clay-mineral analysis. The relationship between
this eruption and the hydrothermal system in this volcano is
discussed based on these geochemical data.
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Fig. 1. Location of the Yunuma and Karanuma craters at the summit of the Akita-Yakeyama volcano, northern Tohoku, Japan. The Obuki hot spring is
located at the Tamagawa Hot Spa on the western flank of the volcano.
Fig. 2. Locality of volcanic gas and water samples from the Yunuma and Karanuma craters at the summit area of Akita-Yakeyama. The names of the new
craters at Karanuma (a, b1 and b2) are from Hayashi et al. (1997). Volcanic gas samples: × water samples: .
2. Sampling and Analysis
2.1 Geological situation and the 1997 eruption
The Akita-Yaeyama volcano is located in the northern
Tohoku area of Japan (39◦58′N 140◦46′E, 1366 m, Fig. 1)
and has a central cone of dacite. It has two major craters,
Karanuma and Yunuma, located at the summit (Fig. 1).
Karanuma is a circular crater with a diameter of about 100m.
No active fumaroles and hot-springs are situated in and
around that crater. Yunuma is an oval crater lake whose size
is about 100 m× 50 m (Fig. 2). A fumarolic area extends to
the north of the lake and bubble gas issues everywhere in the
lake.
A steam plume rising from the Karanuma crater was ob-
served at about 11:00 on August 16, 1997 and a volcanic
tremor continued for about one hour at the same time. When
the staff of the AkitaMeteorological Observatory researched
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the area around the crater onAugust 17, discharge of volcanic
gases from the new vents had completely stopped. When we
surveyed the fumarolic area at the summit on August 20, vol-
canic gases had not been discharged from the new vents and
no earthquake tremors were felt around the summit crater.
All the historic eruptions of Akita-Yakeyama were steam
explosions and all occurred at the Karanuma crater (JMA,
1996). Tsuya (1954) investigated the location and formof the
vents opened by the eruptions of 1949 and 1951 at Karanuma
and the distribution of the volcanic ejecta from those vents
in detail. Three vents (a, b1, and b2) were opened on August
16, 1997 at the same place as those of the old vents of the
1949 and 1951 eruptions, judging from the pictures taken in
1953. Volcanic bombs and muddy ashes were ejected from
vent a and mud flows ran out from vents b1 and b2 (Hayashi
et al., 1997).
Muddy volcanic ashes from vent a were sprayed onto the
southern wall of the Karanuma crater and extended about
300 m south of the new vent. Samples for clay-mineral anal-
ysis were collected from leaves of bamboo grass in order
to escape contamination by soil. Volcanic ash that has not
been rained on is necessary for the analysis of water-soluble
components but the ashes collected on August 20 had unfor-
tunately been rained on. Fresh ashes from the 1997 vents
collected on August 17, were provided by Dr. Tsukasa Ohba
and Mr. Kiyohisa Kuroda.
2.2 Clay minerals in the volcanic ejecta
Constituentminerals of the volcanic ejecta, especially clay
minerals, were investigated. Clay fractions were extracted
from the volcanic ash samples by following the methods for
X-Ray Diffraction (XRD) analysis. The ash samples were
stirred in ion exchanged water and a clay fraction of less
than 2 μm was separated by the sedimentation method. The
clay particles were spread on slide glasses for orientation
and airdried at room temperature. XRD patterns of the ori-
ented samples of the clay fraction were obtained by using a
diffractometer (X-part APD, PHILIPS Co. Ltd.) with Cu-Kα
radiation following three patterns at room temperature; first
without any treatment, secondwith ethylene glycol treatment
and third after heating at 600◦C for 1 hour. XRD data were
collected in the 2θ range from 2◦ to 25◦ by step scanning
with a step interval of 0.02◦.
2.3 Water-soluble components on the ejecta
About 5 g of each ash sample was correctly weighed and
warmed on a hot plate for 24 hours with about 70 ml of
pure water. The solution was transferred to a 100 ml mea-
suring flask through Toyo 5A filter paper and diluted to the
mark with pure water. Concentrations of chloride and sul-
fate ions in the solution were determined by an ionchro-
matograph (QIC ANALYZER, Dionex Co.). A pH meter
(EA920, Orion Research Co.) with a glass electrode (Ross
81-02, Orion Research Co.) was used for pH measurement
of the water leachates.
2.4 Fumarolic gases
Fumarolic gas samples were collected from the F-1 and
F-2 fumaroles on the northern side of the Yunuma crater lake
(Fig. 2). Outlet temperatures of fumaroles F-1 and F-2 were
104.7◦Cand 104.1◦C, respectively. Sampling and analysis of
the fumarolic gases were carried out by the method devised
by Ozawa (1968). Chemical monitoring of the F-1 fuma-
role was continued from 1984 until 1996. Only the relative
contents of H2S, CO2 and R-gas were determined because
of the method fumarolic gas sampling and analysis from the
simplified procedure of Ozawa (1968). R-gas is a generic
term of gases, such as He, H2, O2, N2, CH4 and Ar, which
are not absorbed in alkaline solution.
Fumarolic gas condensates were also collected to deter-
mine the D/H and 18O/16O ratios of H2O. The condensate
was equilibrated with H2 gas from a gas cylinder over Pt
catalysis at 25◦C (Ohba and Hirabayashi, 1996). The D/H
ratio of the equilibrated H2 gas was measured by a mass
spectrometer (MAT252, ThermoQuest Co. Ltd.). The same
sample was used for measuring the 18O/16O ratio using the
conventional CO2-H2O equilibration method (Epstein and
Mayeda, 1953).
2.5 Lake water and hot-spring water
Hot-spring water discharging bubble gases was collected
at W-1 on the northern shore of Yunuma (Fig. 2). The tem-
perature of this hot-spring water was 92.0◦C, which is a few
degrees lower than the boiling point at the summit. We chose
W-2 for the sampling point of the lake water in order to re-
duce contamination of the hot-spring water. Pond water was
sampled at W-3 as a sample of meteoric water at the summit
area (Fig. 2). No active fumaroles and hot-springs are located
in the vicinity of the pond. Determination of the concentra-
tions of chloride and sulfate ions in the water samples and
measurement of the pH were carried out in the same manner
as shown in Section 2–3.
Hot spring water sampled during 1992–1998 at Obuki,
Kagamizawa and Sesshokubo at Tamagawa Spa and
Kakousoto near the summit area were also analyzed. The
concentration of chloride and sulfate ions in the sampleswere
determined by titration (Volhard method) and gravimetry as
BaSO4, respectively.
3. Results and Discussion
3.1 Chemical composition of fumarolic gases and hot
spring water
Major constituents, exclusive of water, of the fumarolic
gases sampled at F-1 and F-2 were H2S and CO2 (Table 1).
The ratio of SO2/H2S was less than 0.01 and the ratio of
HCl/SO2 was in the order of 0.1. These are characteristic of
low temperature volcanic gases (e.g. Iwasaki et al., 1966).
The chemical composition of the fumarolic gases between
1984 and 1996 did not change much during the last few
years (Fig. 3). The outlet temperature of the fumarole F-1
was almost constant between 102 and 107◦C from 1984 to
1997. Obvious changes in the gas composition and the outlet
temperature were neither detected before or after the 1997
eruption.
The Obuki hot spring at Tamagawa Spa is the only acid Cl-
SO4 type in the geothermal area around the Akita-Yakeyama
volcano and the concentration of Cl is higher than that of
SO4. The discharge of heat and materials from the Obuki
hot spring overwhelms those from the other hot springs and
fumaroles at this volcano. The chloride concentration in the
Kagamizawa and Sesshokubo hot springwaters at Tamagawa
Spa andKakousoto near the summit areawere very low, being
sulfate acidic (Table 2). The crater lake water and the hot
spring water at the Yunuma crater were also sulfate acidic
232 K. NOGAMI et al.: THE 1997 PHREATIC ERUPTION OF AKITA-YAKEYAMA VOLCANO
Table 1. Chemical composition of volcanic gases at the summit of Akita-Yakeyama.
composition of gases exclusive composition of R-gas (vol. %)
of water (vol. %)
Locality T (◦C) H2O (vol. %) HCl SO2 H2S CO2 R He H2 O2 N2 CH4 Ar
F-1 104.7 98.6 0.02 0.25 37.7 61.3 0.74 0.057 0.626 1.40 97.5 0.034 0.428
F-2 104.1 98.6 0.06 0.35 38.9 59.9 0.74 0.057 0.102 1.49 97.9 0.019 0.389
Sampling date: August 20, 1997.
Fig. 3. Variation of outlet temperature and chemical compositions, exclusive of water of fumarolic gases, at F-1 (∼1997) and F-2 (1997). Open symbols: F-1
Closed symbols: F-2.
(Table 3). Acid springs located at a higher altitude than the
Obuki hot spring contain very little chloride. Composition
of these hot spring waters were not changed significantly by
the eruption.
Iwasaki et al. (1966) showed the similarity of anion con-
stituents between magmatic gas condensates from several
volcanoes and theObuki hot springwater and inferred that the
Obuki hot spring was derived from high-temperature mag-
matic gas. Based on the characteristics in chemical compo-
sition and spatial distribution of the low-Cl springs, Iwasaki
et al. (1966) inferred that the low Cl acid spring is derived
from the vapor phase of a Cl-SO4 type hydrothermal reser-
voir whose liquid phase forms the Obuki hot spring. Fur-
ther, from the values of δD and δ18O of the spring water,
Matsubaya et al. (1983) stated that amixture of high tempera-
turemagmatic gas condensate andmeteoric water constitutes
the Obuki hot-spring water. High-temperature volcanic gas
ismixedwith undergroundwater to form hydrothermal fluids
and the fluid separates the vapor and liquid phases. The liq-
uid phase concentrates fluoride and chloride ions, as well as
sulfate ion formed by the self-redox reaction of H2SO3, and
discharges as water from the Obuki hot spring. The vapor,
relatively rich in H2S and CO2 and separated from Cl-SO4
type hydrothermal water, is mixed with meteoric water to
form low-Cl acid hot spring water at high altitudes (Iwasaki
et al., 1966; Matsubaya, 1991).
The hydrogen and oxygen isotope ratio of the gas conden-
sates and the water samples collected at the summit area of
this volcano are plotted in Fig. 4. The isotopic ratios of the
gas condensates collected at F-1 and F-2 agree with those of
the vapor equilibrated with the Yunuma hot spring water at
150◦C. This result suggests that a hydrothermal reservoir,
where the fumarolic gases are separated from the hot spring
water at 150◦C, exists beneath the Yunuma crater lake. Va-
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Table 2. Chemical composition of hot spring water around Akita-Yakeyama (in mg/l).
Obuki
Date Na K Ca Mg Fe Al SiO2 Cl SO4
Aug. 31, ’92 31 33 97 35 65 105 290 2400 900
Sep. 3, ’93 32 32 108 39 73 119 304 2490 1050
Sep. 3, ’94 35 31 107 37 74 123 307 2590 1080
Sep. 3, ’95 35 28 100 35 63 105 302 2410 1020
Sep. 6, ’96 54 25 97 41 64 99 307 2420 1010
Aug. 28, ’97 39 25 106 30 71 83 288 2450 1060
Kakousoto
Date T (◦C) Na K Ca Mg Fe Cl SO4
Sep. 6, ’93 65 6.1 6.3 8.1 4.8 3.4 24.5 2300
Sep. 4, ’94 60.5 7.4 6.6 9.1 6.1 2.0 33.5 2050
Sep. 4, ’95 59 4.8 5.2 7.0 3.5 5.8 23.6 2150
Sep. 8, ’96 62 5.7 6.2 8.0 4.9 2.4 35.8 2150
Aug. 30, ’97 65 5.9 5.7 8.0 4.2 4.4 25.7 2200
Kagamizawa
Date T (◦C) Na K Ca Mg Fe Cl SO4
Sep. 2, ’95 98 3.7 3.2 5.0 2.2 34.0 1.4 2970
Sep. 6, ’96 98 4.4 3.1 6.4 3.6 15.1 5.7 2060
Aug. 28, ’97 98 4.1 3.1 4.9 2.6 21.1 8.5 2200
Sesshokubo
Date T (◦C) Na K Ca Mg Fe Cl SO4
Sep. 2, ’95 95 4.6 1.6 6.3 3.0 9.0 1.9 580
Sep. 6, ’96 95.4 4.7 1.7 6.3 2.7 15.5 2.1 470
Aug. 28, ’97 95 5.5 2.1 7.3 3.1 13.0 2.6 410
Table 3. Chemical and isotopic compositions of water samples.
Sample Date Temp. (◦C) pH Cl(1) SO4(1) δDSMOW(2) δOSMOW(2)
HSW-YNM Aug. 20, ’97 92.0 1.84 4.1 1220 −37 −3.0
LW-YNM Aug. 20, ’97 34.2 2.05 2.6 784 −45 −5.3
PW Aug. 20, ’97 — 4.63 0.92 2.84 −59 −8.9
F-1-C Aug. 20, ’97 104.7 — — — −48 −6.0
F-2-C Aug. 20, ’97 104.1 — — — −48 −6.3
(1)Unit is mg/l. (2)Unit is ‰.
HSW-YNM: hot spring water at Yunuma, LW-YNM: Yunuma lake water, PW: pond water at the summit, F-1-C:
condensate of volcanic gas at F-1 fumarole, F-2-C: condensate of volcanic gas at F-2 fumarole.
por rich in H2S and CO2 and separated from the Cl-SO4 type
hydrothermal water, is likely to be the heat source of the hy-
drothermal reservoir. The vapor pressure of water at 150◦C
is 4.8 bar and the atmospheric pressure at the altitude of the
sampling site is 0.86 bar. Pressure difference between the
reservoir and the surface is 3.9 bar and the depth of the reser-
voir beneath the Yunuma crater lake is estimated to be about
39 m under hydrostatic conditions.
The δDand δ18O values of the lakewater and the hot spring
water were high compared to those for the pond water and
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Fig. 4. Isotopic composition of the water and condensates samples at the summit area. δD and δ18O values for rain water and hot spring water at Tamagawa
Spa are taken from Matsubaya et al. (1983). Closed circles with temperature indicate that isotopic composition of a vapor which equilibrates with the
Yunuma hot-spring water at the indicated temperature. YHSW: Yunuma hot-spring water, YLW: Yunuma lake water, PW: pond water, FGC: fumarolic
gas condensate, THSW: Tamagawa hot-spring water, RW: rain water.
rain water. Giggenbach (1992) showed that typical δD and
δ18O values of high temperature fumarolic gas condensates
discharged from andesitic volcanoes are −20‰ ± 10 and
+10 ± 3‰, respectively. A mixture of high temperature
volcanic gas and rain water can be the source of high δD and
δ18O values for lake water and hot spring water. However,
the δD and δ18O values of the water samples are not plotted
on the mixing line between the rain water and high volcanic
gas condensates. This result indicates that the lake water
and the hot spring water, having high δD and δ18O, values is
not a simple mixture of high temperature volcanic gas and
meteoric water.
3.2 Clay minerals in the volcanic ejecta
Pyrophyllite, kaolinite and smectite were identified in the
clay fraction of the ejecta (Fig. 5). Presence of kaolinite was
confirmed by the disappearance of the peak at 7A˚ during
heat treatment at 600◦C. Migration of a reflection peak from
15A˚ to 17A˚ by the ethylene glycol treatment indicates the
presence of smectite.
Kaolinite is principally formed by alteration of feldspar
and other silicate minerals under weakly acidic hydrother-
mal conditions or by weathering of rock-forming silicate
minerals and is stable in the Earth’s surface environment.
Smectite is formed by alteration of igneous rocks under al-
kaline conditions and is stable in underground environments
which are not in contact with air (Ossaka, 1982). Because
kaolinite and smectite are the major constituents in the clay
fraction, the majority of the ejecta are derived from near the
surface. In contrast, pyrophyllite formation requires rela-
tively high pressure and high temperature conditions (e.g.
Henmi and Matsuda, 1975). In the northern Hachimantai-
Yakeyama area, 60 wells have been drilled for geothermal
exploitation and extensive data have been accumulated con-
Fig. 5. XRD pattern of oriented clay fraction of volcanic ashes collected
at the summit area: (a) without any treatment, (b) with ethylene glycol
treatment, and (c) after heat treatment at 600◦C for 1 hour.
cerning subsurface geology, temperature and other condi-
tions. Banba and Kubota (1997) analyzed the conditions for
secondary mineral formation and estimated the thermal his-
tory in this geothermal area and showed that the temperature
of zones abundant in pyrophyllite is higher than 260±20◦C.
The thermal contour at 260◦C beneath the Yakeyama vol-
cano is estimated to exist at an elevation of 0 m above sea
level (Banba and Kubota, 1997). These results suggest that
pyrophyllite in the ejecta were formed in deep zones about
1 km beneath the summit.
Hayashi et al. (1997) revealed that the orifice size of vent
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a was 15 m × 8 m and 30 m in depth. The volume of the
volcanic ash and mud flows are estimated to be 700 m3 and
2000 m3, respectively (Hayashi, per. com.). Suppose that
vent a is a symmetric cone, the volume of the cone is cal-
culated to be about 900 m3, which is comparable with the
estimated volume of the volcanic ash. This result indicates
that all the materials can be derived only from earthy mate-
rials near the surface. Judging from the location of the vents
and the estimated volume of the ejecta, it is likely that the
pyrophyllite in the ejecta was not transported directly from
the deep zones by the 1997 eruption but had been discharged
from the deep zones by past eruptions and deposited near the
vents.
3.3 Water-soluble components on the ejecta
Concentrations of water-soluble Cl and SO4, and the pH
values of the ash leachates are shown in Table 4. The ashes
from vent a were rich in water-soluble components, espe-
cially chloride, compared with those from other volcanoes
in Japan (Fig. 6). The ashes ejected by the steam explosion
of Kusatsu-Shirane in 1976, that was attributed to relatively
low-temperature volcanic gas (Hirabayashi et al., 1984), have
low Cl/S values for the water-soluble components of the
ashes ranging 0.00 to 0.20. To the contrary, the volcanic
Table 4. Contents of water-soluble anions on the volcanic ashes discharged
on the eruption of Akita-Yakeyama in 1997.
No. Date pH Cl(1) SO4(1) Cl/S(2)
1 Aug. 17, ’97 3.47 794 2880 0.74
2 Aug. 17, ’97 3.54 1000 3960 0.68
(1)Unit is mg/kg. (2)Unit is molar ratio.
Fig. 6. Concentration of water-soluble chloride and sulfate adhering
to the volcanic ashes from some volcanoes in Japan. : this study,
: Usu (Matsuo et al., 1977), : Tokachi (Ossaka et al., 1998), :
Kusatsu-Shirane in 1976 (Hirabayashi, 1984), : Kiso-Ontake (Ossaka
et al., 1983).
ashes discharged by the eruptions of Usu in 1977 (Matsuo
et al., 1977), Kiso-Ontake in 1979 (Ossaka et al., 1983),
Sakurajima from 1973 to 1977 (Ossaka et al., 1977) and
Kuju in 1995 (Hirabayashi et al., 1996a) that were caused
by high-temperature volcanic gases, have high Cl/S values
ranging from 0.14 to 4.38.
TheCl/S values ofwater leachates of the ashes fromAkita-
Yakeyama are relatively high and comparable with those
from an eruption caused by high temperature volcanic gases.
Although HCl in the volcanic gas is highly soluble in wa-
ter and can be accumulated, concentrations of chloride in
the hot spring water and lake water at the summit are quite
low and the fumarolic gases at the summit also contain little
HCl. These facts indicate that the geothermal fluids at the
summit area cannot be the source of water-soluble chloride
in the ejecta. High-temperature gases rich in HCl were esti-
mated as the source of the Obuki hot spring (Iwasaki et al.,
1963). Therefore, high temperature volcanic gases are the
most likely source of water-soluble chloride in the ejecta.
The high-temperature volcanic gases rose along the old con-
duits from the depth and caused a steam explosion from the
vent close to the 1949 and 1951 craters at Karanuma. It is
not clear what triggered the ascent of the volcanic gas from
the deep zone.
4. Conclusions
Major components, exclusive of the H2O of the fumarolic
gases at the summit area of Akita-Yakeyama volcano, were
H2S and CO2, and the hot spring water and crater lake water
were sulfate acidic. Obvious changes of the outlet tempera-
ture and chemical composition of the fumarolic gases were
not observed before or after the eruption of August 16, 1997.
The δD and δ18O values for the gas condensates and hot
spring water at the Yunuma crater indicate that the fumarolic
gases separated from the hot spring water at 150◦C at a shal-
low place beneath the Yunuma crater.
Smectite and kaolinite were the major constituents in the
clay fraction of the volcanic ejecta and the majority of the
ejecta were derived from near the Earth’s surface. Although
pyrophyllite, which is abundant in the deep zone about 1 km
beneath the summit, was also identified in the clay frac-
tion, that could have been discharged from the deep zone
by past eruptions. The deposited pyrophyllite might have
been blown away again by the 1997 eruption.
The water leachate of the 1997 volcanic ashes were rich
in Cl− and SO2−4 and the Cl/S molar values were relatively
high. The high Cl/S ratio is characteristic of an eruption
caused by high-temperature volcanic gases. In contrast, the
fumarolic gases at the summit, the acid hot spring water
and the crater lake water near the summit area were quite
poor in chloride. These facts indicate that the eruption was
caused not by geothermal fluids at the summit area but by
high-temperature volcanic gases at somedepth that have been
suggested as the source of theCl-SO4 type acid thermalwater
in this area.
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